The real-space spin texture and the relevant magnetic parameters were investigated for an easy-axis noncentrosymmetric ferromagnet Cr 11 Ge 19 with Nowotny chimney ladder structure. Using Lorentz transmission electron microscopy, we report the formation of bi-Skyrmions, i.e., pairs of spin vortices with opposite magnetic helicities. The quantitative evaluation of the magnetocrystalline anisotropy and Dzyaloshinskii-Moriya interaction (DMI) proves that the magnetic dipolar interaction plays a more important role than the DMI on the observed bi-Skyrmion formation. Notably, the critical magnetic field value required for the formation of bi-Skyrmions turned out to be extremely small in this system, which is ascribed to strong easyaxis anisotropy associated with the characteristic helix crystal structure. The family of Nowotny chimney ladder compounds may offer a unique material platform where two distinctive Skyrmion formation mechanisms favoring different topological spin textures can become simultaneously active.
Magnetic Skyrmions are nanometric swirling spin textures with particle nature that have recently attracted much attention [1] [2] [3] [4] [5] [6] [7] [8] . They are characterized by a topological index called the Skyrmion number [7] , which is described by
with ⃗n ¼ ⃗m=j ⃗mj being the unit vector pointing along the local magnetization orientation ⃗m. In metallic materials, electrons moving through Skyrmion spin texture gain a nontrivial quantum Berry phase, which generates a topological force on the underlying spin texture and enables unique current-induced Skyrmion manipulations [3, 5, [9] [10] [11] . Such features highlight Skyrmions as promising candidates for novel information technologies with high energy efficiency and information density. To stabilize magnetic Skyrmions, several mechanisms have been proposed. One of the key sources is the Dzyaloshinskii-Moriya interaction (DMI) appearing in a noncentrosymmetric environment, which can stabilize various types of Skyrmion spin texture with n sk ¼ 1 depending on the underlying crystal lattice symmetry [1, 8] . The early studies mostly focused on the vortex-type (i.e., Bloch-type) Skyrmions [ Fig. 1(a) ], emerging in the chiral cubic lattice system [2, 4, [12] [13] [14] . On the other hand, the appearance of different forms of Skyrmions has also been predicted for noncentrosymmetric uniaxial systems [8, 15, 16] , and the experimental discovery of Néel-type Skyrmions in GaV 4 S 8 with polar lattice symmetry [17] , as well as anti-vortex-type Skyrmions [ Fig. 1(b) ] in Heusler compounds with D 2d lattice symmetry [18] , has recently been reported.
Another source for realizing the nontrivial Skyrmion spin texture is through a competition between the magnetic dipolar interaction (favoring the closed loop of local magnetization distribution to reduce stray field) and magnetocrystalline anisotropy [7, [19] [20] [21] . For uniaxial ferromagnets with sufficiently strong easy-axis anisotropy, this competition can lead to the cylindrical ferromagnetic domain structure called magnetic bubble. Depending on the detail of the spin textures at the domain wall region, magnetic bubbles can often host nonzero Skyrmion numbers. For example, the experimental observation of bi-Skyrmions characterized by Skyrmion number n sk ¼ 2, i.e., a moleculelike pair of oppositely swirling vortex-type Skyrmions [ Fig. 1(c) ], has recently been reported for a few uniaxial centrosymmetric ferromagnets such as layered perovskite manganites [22] and Mn─Ni─Ga alloys [23] .
Since such bi-Skyrmions or anti-vortex-type Skyrmions have rarely been observed experimentally, new material systems hosting such novel topological spin textures need to be further explored in the search for more useful properties and functions. Our target compound, Cr 11 Ge 19 with metallic conductivity, belongs to a materials group called the Nowotny chimney ladder A m B n (with A and B representing group 4-9 and group 13-15 elements, respectively) [24] . This group of binary intermetallic compounds commonly crystallize with a noncentrosymmetric tetragonal space group P4n2 (i.e., point group D 2d ), where B (¼Ge) atoms form separate helices inside the helices of A (¼Cr) atoms along the [001] axis, and with various helix periods ðm; nÞ as shown in Figs. 1(d) and 1(e). Cr 11 Ge 19 is characterized by a ferromagnetic exchange interaction with easy-axis anisotropy as well as by the noncentrosymmetric D 2d lattice [25, 26] , and, therefore, both types of Skyrmion formation mechanisms as introduced above may potentially be active depending on the relative magnitude of each magnetic interaction.
In the present Letter, we have investigated the real-space topological spin texture and associated magnetic interactions in this easy-axis noncentrosymmetric ferromagnet Cr 11 Ge 19 . By performing Lorentz transmission electron microscopy (LTEM) experiments, we found the formation of the bi-Skyrmion lattice within the (001) plane. The magnetic resonance and propagating spin-wave spectroscopy (PSWS) experiments have enabled the quantitative evaluation of both the magnetocrystalline anisotropy and DMI, which led us to the conclusion that the magnetic dipolar interaction plays a more important role than the DMI on the Skyrmion formation in Cr 11 Ge 19 . Notably, the critical magnetic field value required for the bi-Skyrmion formation turns out to be extremely low, probably due to the strong uniaxial anisotropy associated with the unique helix crystal structure.
Cr 11 Ge 19 hosts a ferromagnetic ordering below T c ∼90 K. Fig. 1 (f)], and easy axis turns out to be along the [001] axis. The saturation magnetization M s is 0.51 μ B =Cr at 10 K. These magnetic properties are in good agreement with previous reports [25] [26] [27] .
Next, we evaluated the magnitude of the magnetocrystalline anisotropy in Cr 11 Ge 19 by using a magnetic resonance technique (See Supplemental Material for the details of the operating principle [28] ) with the device structure as shown in Figs. 2(a) and 2(b), to examine if the criteria to generate magnetic bubble structures is satisfied. Figure 2 (c) shows the magnetic field dependence of microwave absorption spectra jΔS 12 j measured under H∥½001 at 10 K. The resonance frequency shows a nonzero gap value at H ¼ 0 and linearly increases with H. Such magnetic field dependence can be well explained by a general ferromagnetic resonance behavior as described in the following.
The magnetic Hamiltonian for a ferromagnet with D 2d lattice symmetry in the continuum approximation can be described as H ¼ R Ed ⃗r with energy density E given [8, 15, 16] by PHYSICAL REVIEW LETTERS 120, 037203 (2018)
whereD ¼ D½S z ð∂S x =∂yÞ − S x ð∂S z =∂yÞ þ S z ð∂S y =∂xÞ− S y ð∂S z =∂xÞ, and J, D, and K describe the magnitudes of ferromagnetic exchange, DMI, and uniaxial anisotropy terms, respectively. ⃗ S, γ, h ¼ 2πℏ, and μ 0 are the dimensionless vector spin density, the electron gyromagnetic ratio, Planck constant, and vacuum magnetic permeability, respectively. Considering a uniform magnetic excitation mode (k ∼ 0), the magnetic resonance frequency ν for H∥½001 can be deduced as [30] ν
The observed H dependence of magnetic resonance frequency [ Fig. 2(c) ] can be well fitted on the basis of Eq. (3). By using the value of S deduced from the saturated magnetization M s ¼ γℏS=V 0 (with V 0 being the volume of formula unit cell) in the M-H profile [ Fig. 1(f) ], we obtained K u ¼ KS 2 =2 ¼ 0.91 meV and γ=2π ¼ 28 GHz T −1 from the fitting parameters. For the case of a plate-shaped ferromagnet with perpendicular magnetic anisotropy, magnetic bubble structures can be stabilized under H∥½001 (i.e., along the out-of-plane easy-axis) when the uniaxial anisotropy energy K u exceeds the demagnetization field energy M 2 s =2μ 0 [31] . As exhibited in Fig. 2(d) , K u deduced for Cr 11 Ge 19 is 1 order of magnitude larger than this critical value (i.e., K u ≫ M 2 s =2μ 0 ), suggesting the possible formation of magnetic bubbles or Skyrmions in this compound.
On the basis of the above analysis, we performed a realspace imaging of the spin texture. Figures 3(a) -3(c) show the magnetic field dependence of the overfocused LTEM images in a thin plate form of Cr 11 Ge 19 at 6 K, which were obtained under an out-of-plane magnetic field along the [001] axis during a H-increasing run after zero field cooling. At zero magnetic field [ Fig. 3(a) ], the sample exhibited the mixed structure consisting of magnetic bubbles and magnetic stripe domains with a periodicity of λ ∼ 450 nm on average. With increasing magnetic field, the magnetic stripes break into fragments. At 40 mT, the magnetic stripes become completely replaced by the bubble lattice [ Fig. 3(b) ]. These magnetic bubbles disappear above 60 mT [ Fig. 3(c) ], which indicates the formation of a uniform ferromagnetic domain. This magnetic field dependence is closely correlated to the M-H profile shown in the inset of Fig. 1(f) . To scrutinize the internal spin texture within the magnetic bubbles, we further performed the transport-of-intensity equation (TIE) analysis [32] on overfocused [ Fig. 3(b) ] and underfocused [ Fig. 3(d) ] LTEM images. Figures 3(e) and 3(f) indicate the obtained spatial distribution of the in-plane magnetization components, which reveals that the magnetic bubble is composed of a pair of spin vortices with opposite magnetic helicities (i.e., clockwise and counterclockwise manners of spin curls). By assuming the direction of the out-of-plane magnetization at the cores of each of the spin vortices, the obtained LTEM images evidence the formation of bi-Skyrmions as illustrated in Fig. 1(c) . Here, each spin vortex becomes elliptic with its short axis (i.e., bonding direction connecting two paired Skyrmion cores) aligned along the same [110] orientation, and similar LTEM images have also been reported for other materials hosting bi-Skyrmions [22, 23] . The observed alignment of the bi-Skyrmion orientation can reflect the in-plane magnetocrystalline anisotropy, while tiny additional symmetry breaking such as unintentional strain or slight tilting of H [33] from the [001] axis (which was confirmed to be less than 1°) may also contribute here. The magnetic contrast of the bubbles in Fig. 3 (b) exhibits pairs of bright and dark parts, which also agrees with the simulated pattern for a bi-Skyrmion as depicted in Fig. S2 (f) in Supplemental Material [28] . Note that the detection of the out-of-plane spin component is not easy for the LTEM technique, and the further study by other complementary technique would be helpful for the definite experimental identification of the three-dimensional spin distribution.
To identify the Skyrmion formation mechanism in Cr 11 Ge 19 , we evaluated the magnitude of the DMI by investigating the propagation character of spin waves using a device structure as illustrated in Fig. 4(a) . The operating principle of PSWS is described in Refs. [34] [35] [36] [37] and the Supplemental Material [28] . Here, we adopted the measurement configuration with H∥k sw ∥½100 along the in-plane direction, with k sw representing the wave vector of spin wave. In this case, the spin wave dispersion in the saturated ferromagnetic state is described [30, [37] [38] [39] as
with C sym ¼ JSðk sw Þ 2 þ γH − KS, which is schematically illustrated in Fig. 4(b) . Since the first and second terms on the right side of Eq. (4) are odd and even functions of k sw , respectively, the former one proportional to D makes the dispersion asymmetric and causes a nonzero frequency shift between oppositely propagating spin waves Δν 0 ¼ νðþjk sw jÞ − νð−jk sw jÞ described as
Therefore, by measuring the frequency shift Δν 0 between spin waves propagating with the wave vectors þk sw and −k sw , we can directly evaluate D for Cr 11 Ge 19 [ Fig. 4(b) ]. Figure 4 (c) shows the imaginary part of the mutual inductance Im½ΔL 21 and Im½ΔL 12 measured at 70 K under μ 0 H ¼ þ380 mT (i.e., in the saturated ferromagnetic state [28] ), which represent the spin waves propagating with the wave vectors þk sw and −k sw , respectively. Both Im½ΔL 21 and Im½ΔL 12 show clear spin-wave signals around the magnetic resonance frequency, while a frequency shift Δν 0 between them was not discerned. According to Eq. (4), the sign of the DMI-induced Δν 0 should be reversed for the opposite direction of H, while such a behavior was not observed as shown in Fig. 4(d) . Consequently, the frequency shift jΔν 0 j for Cr 11 Ge 19 should be less than 10 MHz, which is within the error of the present measurement. From this result we deduce that the value of D is at most 0.12 meV Å on the basis of Eq. (5).
In Table I , we list material parameters deduced for both Cr 11 Ge 19 , and other materials hosting various Skyrmion spin textures [18, 22, 23, [39] [40] [41] . The value of D for Cr 11 Ge 19 is at least one order of magnitude smaller than those for chiral-lattice compounds with DMI-induced vortex-type Skyrmions, despite the larger magnitude of J ∼ T c =M 2 s . Moreover, for the D 2d lattice symmetry, the DMI should favor the anti-vortex-type Skyrmion [ Fig. 1(b) ], rather than the bi-Skyrmion spin texture [8, 18, 42] . These results suggest that the contribution of the DMI to the observed spin texture is of little significance in Cr 11 Ge 19 , and that the competition between the magnetic dipolar interaction and the magnetic anisotropy plays the crucial role for the bi-Skyrmion formation [43] .
Previously, the experimental observation of bi-Skyrmions has been reported only for a few centrosymmetric ferromagnets such as layered perovskite manganites [22] and Mn-Ni-Ga alloys [23] . Compared to these materials systems, Cr 11 Ge 19 stands out due to several distinctive features. First, the critical magnetic field value required for the induction of bi-Skyrmion structure is extremely low. While bi-Skyrmions are formed only above 200 mT in the previous compounds, in Cr 11 Ge 19 bi-Skyrmions appear even under zero magnetic field [ Fig. 3(a) ] and the complete bi-Skyrmion lattice state is also achieved at 40 mT [ Fig. 3(b) ]. This reflects the strong easy-axis magnetic anisotropy, as revealed by the magnetic resonance experiments [ Fig. 2(d) ], probably inherent to the unique helix crystal structure of Nowotny chimney ladder systems [ Fig. 1(d) ].
Second, Cr 11 Ge 19 is the first noncentrosymmetric material to host bi-Skyrmion spin textures. While the contribution of the DMI is rather small for the present composition, the Nowotny chimney ladder phase allows a wide range of chemical tuning, with recent theoretical works suggesting that the magnitude of D can be largely enhanced through the Fermi level modification across the band anticrossing points [44] [45] [46] . Since the DMI in the D 2d Here, the spin wave with the wave number k sw p ¼ 2π=λ sw is mainly excited, with λ sw being the periodicity of the waveguide pattern in Fig. 2(a) . In the present measurements, we employed λ sw ¼ 12 μm and k sw p ¼ 0.5 μm −1 . (b) Spin wave dispersion in the saturated ferromagnetic state with nonzero DMI, described by Eq. [18, 22, 23, [39] [40] [41] . The spin modulation period λ for Cr 11 Ge 19 was determined as an averaged period of the magnetic stripe structures shown in Fig. 3(a) . lattice system generally favors anti-vortex-type Skyrmions, there should be a critical D value for the transition between the bi-Skyrmion and anti-vortex-type Skyrmion spin textures at which the dominant mechanism for the Skyrmion stabilization switches from the dipolar interaction to the DMI. The family of Nowotny chimney ladders can be a unique platform for such a topological transition of Skyrmions, and further exploration for their electromagnetic dynamics would be an interesting issue. In summary, we experimentally revealed the emergence of the bi-Skyrmions in the easy-axis noncentrosymmetric ferromagnet Cr 11 Ge 19 by means of real-space LTEM imaging. The quantitative evaluation of magnetocrystalline anisotropy and the DM interaction by magnetic resonance and PSWS experiments proved that the magnetic dipolar interaction plays a more critical role than the DM interaction on the present bi-Skyrmion formation. In Cr 11 Ge 19 , bi-Skyrmions can be generated even under zero magnetic field, which is an advantageous feature for their potential application and probably reflects the strong easy-axis anisotropy associated with the characteristic helix crystal structure. Considering their noncentrosymmetric D 2d lattice symmetry, the family of Nowotny chimney ladder compounds may offer a unique playground to investigate the competition between bi-Skyrmion and antiskyrmion spin textures with different topological charges and helicity structures arising from two distinctive skyrmion formation mechanisms.
